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Abstract We fabricated a novel photodetector by subject-
ing a Si crystal having a p–n homojunction to phonon-
assisted annealing. The photosensitivity of this device for
incident light having a wavelength of 1.16 µm or greater
was about three times higher than that of a reference Si-PIN
photodiode. The photosensitivity was increased for incident
light with a wavelength of 1.32 µm by applying a forward
current. When the forward current density was 9 A/cm2, a
photosensitivity of 0.10 A/W was achieved. This value is at
least 4000 times higher than the zero-bias photosensitivity.
This remarkable increase was due to the manifestation of
optical amplification cause by the forward current injection.
For a forward current density of 9 A/cm2, the small-signal
gain coefficient of the optical amplification was 2.2 × 10−2,
and the saturation power was 7.1 × 102 mW.
1 Introduction
Silicon (Si) is an abundant material in the Earth’s crust and
has low toxicity, and it is widely used as a material for many
electronic and optical devices. For example, Si photode-
tectors (Si-PDs) are widely used photoelectric conversion
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devices; however, their photosensitivity limit at the long-
wavelength side is limited by the bandgap energy, Eg, of
Si (= 1.12 eV) [1], and the photosensitivity drops rapidly at
wavelengths above 1.11 µm. Because of this, materials such
as Ge [2], InGaAsP [3], and InGaAs [4] that have a smaller
Eg than Si have been used in optical fiber communications.
However, Ge photodetectors have a large dark current, and
cooling is required in many cases. In addition, InGaAs pho-
todetectors suffer from problems such as the use of highly
toxic metal-organic materials in their fabrication, high cost,
and so forth, and recently, depletion of resources, such as
In, has also been a problem. If the photosensitivity limit of
Si-PDs could be extended past the 1.11 µm wavelength into
the near-infrared region at 1.3 µm and above, these prob-
lems could be overcome. An additional benefit of Si-PDs is
their high compatibility with electronic devices. For this rea-
son, photoelectric conversion devices exploiting effects such
as mid-bandgap absorption [5–7], surface-state absorption
[8, 9], internal photoemission absorption [10, 11], and two-
photon absorption [12, 13] in Si have been reported in the
literature. However, in the case of mid-bandgap absorption,
for example, the photosensitivity at a wavelength of 1.3 µm
is limited to only 50 mA/W [5].
In this research, we realized a novel Si-PD with increased
photosensitivity. We applied the same fabrication method
and light emission principle of a silicon light emitting diode
(Si-LED) based on a phonon-assisted process that we previ-
ously proposed [14, 15]. Specifically, while radiating light,
Joule-heat annealing was performed to control the spatial
distribution of the impurity (boron) concentration in a Si
crystal in a self-organized manner, to efficiently generate
dressed photons. The photocurrent of the novel Si-PD fab-
ricated by this method was varied by a stimulated emission
process driven by the incident light. Because this stimulated
emission process caused optical amplification, the photosen-
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sitivity of this Si-PD was remarkably increased. The operat-
ing principle of the Si-PD is described in Sect. 2, the fabrica-
tion method is described in Sect. 3, device characterization
and evaluation results are presented in Sect. 4, and the paper
concludes with Sect. 5.
2 Operating principle
The operating principle of the Si-PD fabricated in this re-
search is based on a phonon-assisted process caused by
dressed photons [16–20]. A dressed photon is a quasi-
particle representing a coupled state between a photon and
an electron at the nanoscale. The phonon-assisted process
originates in the property of a dressed photon to couple with
a phonon. By using this property, it is possible to create an
electron–hole pair via a two-step excitation even with pho-
tons having an energy smaller than the bandgap energy, Eg,
of the semiconductor. Therefore, the Si-PD can exhibit pho-
tosensitivity even for infrared light with a photon energy
smaller than Eg. This principle has already been applied to
photochemical vapor deposition [16], photovoltaic devices
[17], photolithography [18], subnanometer polishing of a
glass surface [19], optical frequency up-conversion [20], and
other applications.
Electrons in the Si-PD experience a two-step excitation
via processes (1) and (2) described below. (These processes
(1) and (2), as well as processes (1′) and (2′) described later,
are the same as those in the Si-LED previously proposed by
the authors; for details, refer to Ref. [14] and Fig. 1 therein.)
(1) First step: The electron is excited from the initial
ground state |Eg; el〉 ⊗ |Eexthermal;phonon〉 to interme-
diate state |Eg; el〉 ⊗ |Eex;phonon〉. Here, |Eg; el〉 rep-
resents the ground state (valence band) of the electron,
and |Eexthermal;phonon〉 and |Eex;phonon〉 respectively
represent the excited state of the phonon determined
by the crystal lattice temperature and the excited state
of the phonon determined by the dressed photon en-
ergy. The symbol ⊗ represents the direct product of the
ket vectors. Because this is an electric-dipole–forbidden
transition, a dressed photon is essential for the excita-
tion.
(2) Second step: The electron is excited from the interme-
diate state |Eg; el〉 ⊗ |Eex;phonon〉 to the final state
|Eex; el〉 ⊗ |Eex′ ;phonon〉. Here, |Eex; el〉 represents
the excited state (conduction band) of the electron,
and |Eex′ ;phonon〉 represents the excited state of the
phonon. Because this is an electric-dipole–allowed tran-
sition, the electron is excited not only by the dressed
photon but also by propagating light. After this ex-
citation, the phonon in the excited state relaxes to a
thermal equilibrium state having an occupation prob-
ability determined by the crystal lattice temperature,
which completes excitation to the electron excited state
|Eex; el〉 ⊗ |Eexthermal;phonon〉.
Because a phonon is involved in the above excitation of
the electron, this excitation process is known as a phonon-
assisted process [16–20]. When light having a photon en-
ergy smaller than Eg is incident on the Si-PD, electrons are
excited by the two-step excitation described above, generat-
ing a photocurrent. Photosensitivity to this incident light is
manifested by means of the above process.
Note that applying a forward current to the Si-PD causes
the two-step stimulated emission described by processes (1′)
and (2′) below [17].
(1′) First step: When a forward current is applied, an
electron is injected from the external circuit to the
conduction band, and therefore, the state |Eex; el〉 ⊗
|Eexthermal;phonon〉 is the initial state. During this
time, driven by a dressed photon generated in the
p–n junction of the Si-PD by the incident light, the
electron transitions from the initial state |Eex; el〉 ⊗
|Eexthermal;phonon〉 to an intermediate state |Eg; el〉 ⊗
|Eex;phonon〉, creating a dressed photon and prop-
agating light via stimulated emission. Because Si is
an indirect-transition–type semiconductor, there are al-
most no transitions caused by spontaneous emission.
(2′) Second step: The electron transitions from the inter-
mediate state |Eg; el〉 ⊗ |Eex;phonon〉 to a final state
|Eg; el〉⊗ |Eex′ ;phonon〉, causing stimulated emission.
Because this is an electric-dipole–forbidden transition,
only a dressed photon is generated. After this transi-
tion, the phonon in the excited state relaxes to a thermal
equilibrium state determined by the crystal lattice tem-
perature, which completes the transition to the electron
ground state |Eg; el〉 ⊗ |Eexthermal;phonon〉.
Here, if the electron number densities occupying the ini-
tial state |Eex; el〉 ⊗ |Eexthermal;phonon〉 and the intermedi-
ate state |Eg; el〉 ⊗ |Eex;phonon〉, nex and ninter, satisfy the
Bernard–Duraffourg inversion condition (nex > ninter) [21],
the number of photons created by stimulated emission ex-
ceeds the number of photons annihilated by absorption. In
other words, optical amplification occurs. Because the am-
plified light brings about processes (1′) and (2′) again via
dressed photons, the photosensitivity of the Si-PD in the
case where a forward current is applied far exceeds the pho-
tosensitivity based on only processes (1) and (2).
3 Fabrication method
To realize the optical amplification described in Sect. 2, it
is essential to efficiently generate dressed photons in the p–
n junction of the Si-PD. To do so, we adopted a Si-LED
fabrication method that we previously proposed [14]. In this
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method, Joule-heat annealing was performed while radiating
1.32 µm-wavelength light.
First, an n-type silicon substrate with an electrical resis-
tivity of 10  cm and a thickness of 625 µm, doped with ar-
senic (As), was used as the Si-PD material. This substrate
was doped with boron (B) via ion implantation to form
a p-layer. For the B doping, the implantation energy was
700 keV, and the ion dose density was 5 × 1013 cm−2. Af-
ter forming a p–n homojunction in this way, an indium tin
oxide (ITO) film with a thickness of 150 nm was deposited
at the p-layer side, a chromium film and an aluminum film
with thicknesses of 5 nm and 80 nm were deposited at the
n-substrate side, all by RF sputtering, and these were used as
positive and negative electrodes. Then, the silicon substrate
with these electrodes attached was diced with a dicer to form
a single Si-PD. The area was about 2 mm2.
Next, annealing was performed by applying a forward
current to the Si-PD to generate Joule heating, causing the B
to diffuse and changing the spatial distribution of the B con-
centration. During this time, the device was irradiated, from
the ITO electrode side, with laser light having a photon en-
ergy smaller than Eg of Si (Eg of 0.9 eV, corresponding to a
wavelength of 1.32 µm, and optical power of 120 mW). This
induced the phonon-assisted process, and the B diffusion
due to the annealing was controlled. As a result, a B con-
centration with a spatial distribution suitable for efficiently
generating dressed photons was formed in a self-organized
manner.
The above method is the same as the method of fabri-
cating Si-LEDs previously reported by the authors [14, 15].
Here, however, in order to make use of the stimulated emis-
sion process described in Sect. 2 for the Si-PD to be fabri-
cated, it is necessary to make the probability of generating
stimulated emission larger than the probability of generating
spontaneous emission. To do so, the forward current density
for annealing was kept smaller than that in Ref. [14], namely,
1.3 A/cm2. Determining the number of injected electrons
per unit time and per unit area on this basis gives a value of
8.1 × 1018 s−1 cm−2, which corresponds to the probability
of generating spontaneous emission. On the other hand, the
generation probability of stimulated emission corresponds
to the number of photons per unit time and per unit area,
which is 3.9 × 1019 s−1 cm−2 in the case of the laser power
mentioned above (120 mW). Comparing this with the num-
ber of injected electrons confirms that the probability of gen-
erating stimulated emission is sufficiently large.
When performing Joule-heat annealing under laser irradi-
ation in practice, the surface temperature of the Si-PD, mea-
sured by thermography, showed a temporal variation simi-
lar to Fig. 2(c) in Ref. [14]. Specifically, immediately after
applying the forward current, the surface temperature rose
to 40.7 °C, then dropped due to the generation of stimu-
lated emission and dissipation of its associated Joule energy,
and reached an almost stable temperature (38.6 °C) after
about 10 minutes, at which point the annealing was com-
pleted.
4 Device characterization
In this section we present the results of evaluating the spec-
tral sensitivity characteristics, the voltage–current character-
istics, and the optical amplification characteristics of the fab-
ricated device.
4.1 Spectral sensitivity characteristics
First, we measured the spectral sensitivity characteristics
when a forward current was not applied to the device. Pho-
toelectric conversion in this case is based on the two-step
excitation described by processes (1) and (2) in Sect. 2. As
the light source, we used a xenon lamp, for wavelength se-
lection we used a monochromator, and for photocurrent de-
tection we used a lock-in amplifier. The optical power at
each wavelength was measured with an InGaAs photodiode
(Hamamatsu Photonics, G8370). The measurement wave-
length range was 1.00–1.20 µm. The spectral sensitivity
characteristics measured in the infrared region are shown by
curves A to C in Fig. 1. Curve A shows the values obtained
with a Si-PD fabricated by annealing using the phonon-
assisted process described in Sect. 3. For comparison, curve
B shows values obtained with a Si-PD fabricated without
annealing. Curve C shows the values obtained with a Si-PIN
photodiode (Hamamatsu Photonics, S3590) used as a refer-
ence. Comparing curves A and C, the photosensitivities of
both of them were reduced in the wavelength region longer
than a cutoff wavelength λc = 1.11 µm determined by Eg of
Si, although in curve A the reduction was more gentle, and at
wavelengths above 1.16 µm, the photosensitivity was about
three times higher than that of curve C. In addition, the pho-
tosensitivity values for curve A were larger than the values
for curve B. This was due to the spatial distribution of the B
concentration being controlled in a self-organized manner so
that dressed photons are efficiently generated by annealing
using the phonon-assisted process. Also, the higher photo-
sensitivity values for curve B compared with the values for
curve C indicates that dressed photons are readily generated
inside the Si-PD compared with the case of curve C, as a
result of implantation of a high concentration of B.
Because Joule-heat annealing was performed while ra-
diating 1.32 µm-wavelength light for fabricating the Si-
PD (see Sect. 3), when light having the same wavelength
(1.32 µm) is incident on the device, it is expected that
the photosensitivity will be selectively increased. This
wavelength-selective photosensitivity increase has already
been observed in the case of photovoltaic devices that we
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Fig. 1 Wavelength dependency of photosensitivity. Curve A: de-
vice fabricated by phonon-assisted annealing. Curve B: device fab-
ricated without annealing. Curve C: commercially available photodi-
ode (S3590, Hamamatsu Photonics). The red circles and blue triangles
show the photosensitivity to incident light (wavelength 1.32 µm) for
forward current densities of 60 mA/cm2 and 9 A/cm2, respectively
developed using the phonon-assisted process [17]. There-
fore, photosensitivity for incident light with a wavelength
of 1.32 µm in particular is discussed in the following. We
made a constant forward current flow in the device and eval-
uated the photosensitivity for incident light with a wave-
length of 1.32 µm. Photoelectric conversion in this case in-
volved not only the two-step excitation described by pro-
cesses (1) and (2) in Sect. 2, but also processes (1′) and (2′),
but the contribution of the latter was sufficiently large. A
semiconductor laser was used as the light source, and the
output beam was made incident on the Si-PD after being
intensity-modulated with a chopper. We obtained the cur-
rent variation I = V/R from the ratio of the voltage vari-
ation V produced at that time and the resistance R of the
Si-PD, and we divided this by the incident light power P to
obtain the photosensitivity I/P . The results are indicated
by the red circles and the blue triangles in Fig. 1. These
are the measured values for cases where the forward cur-
rent densities of the fabricated Si-PD were 60 mA/cm2 and
9 A/cm2, respectively. The photosensitivity for the current
density of 9 A/cm2 was 0.10 A/W. This is as much as two
times higher than the case using mid-bandgap absorption
[5–7] described in Sect. 1, demonstrating that we achieved
our objective of increasing the photosensitivity. This value
is about 300 times higher than the 60 mA/cm2 case, and
shows the same large values as curve C at a wavelength
of 1.09 µm. This photosensitivity is sufficiently high for
use in long-distance optical fiber communication systems
[22]. The increase in photosensitivity with increasing for-
ward current at a wavelength of 1.32 µm is due to the higher
stimulated emission gain as well as the higher number of
recombining electrons.
Fig. 2 Voltage–current characteristics. Curves A and B are measure-
ment results obtained with and without light irradiation
4.2 Voltage–current characteristics and optical
amplification characteristics
First, we measured the voltage–current characteristics for
cases where the Si-PD was irradiated and not irradiated with
1.32 µm-wavelength, 120 mW-power laser light. The mea-
surement results are shown by curves A and B in Fig. 2.
Both curves show negative-resistance characteristics at for-
ward currents of 80 mA and higher, similarly to the case
of a Si-LED (see Fig. 4 in Ref. [14]). Also, curve A is
shifted toward lower voltages compared with curve B. This
shift was particularly remarkable when the forward current
was 30 mA and higher. The reason for this is that the elec-
tron number density in the conduction band is reduced be-
cause a population inversion occurs around a forward cur-
rent of 30 mA and electrons are consumed for stimulated
emission, and as a result, the voltage required for injecting
the same number of electrons is decreased. On the other
hand, when the forward current is increased further, the
amount of shift is reduced. This is because the probabil-
ity of stimulated emission recombination driven by sponta-
neous emission is increased as the forward current increases,
and as a result, the voltage drop due to stimulated emission
recombination caused by incident light becomes relatively
small.
Next, we measured the relationship between the incident
light power P and the current variation I . For this mea-
surement, we used forward current densities of 60 mA/cm2
and 9 A/cm2, and we varied the incident light power by us-
ing neutral density filters. In a conventional Si-PD, only ab-
sorption of light is used for photoelectric conversion. In our
Si-PD, however, because stimulated emission is also used,
the current variation I depends on the number of electron–
hole pairs that recombine due to stimulated emission and
is given by I = (eP/hν)(G − 1). Here, e is the electron
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Fig. 3 Relationship between incident light power (wavelength
1.32 µm) and current variation. Curves A and B are for forward cur-
rent densities of 60 mA/cm2 and 9 A/cm2, respectively
charge, hν is the photon energy, and G is the stimulated
emission gain.
The relationship between the incident light power at
a wavelength of 1.32 µm and the current variation I
is shown in Fig. 3. Similarly to Fig. 1, the red circles
and blue triangles show the measurement results for for-
ward current densities of 60 mA/cm2 and 9 A/cm2, re-
spectively. For the forward current density of 60 mA/cm2,
I saturated as the incident light power increased; whereas
for the forward current density of 9 A/cm2, I did not
saturate but continued to increase linearly. The curves A
and B show calculation results fitted to the experimen-
tal results using the above relationship I = (eP/hν) ×
(G − 1). The stimulated emission gain G depends on the
incident light power as exp[g/(1 + P/Ps)] [23], where g
is the small-signal gain coefficient, and Ps is the satura-
tion power. For the fitted results, these values were g =
3.2 × 10−4 and Ps = 17 mW in the case of curve A,
and g = 2.2 × 10−2 and Ps = 7.1 × 102 mW in the case
of curve B. The increases in g and Ps as the forward
current increased were due to the increasing number of
electrons recombining. The experimental values and cal-
culated values showed good agreement in Fig. 3, confirm-
ing that the remarkable increase in photosensitivity shown
by the red circles and blue triangles in Fig. 1 was due
to optical amplification as a result of stimulated emis-
sion.
4.3 Photosensitivity characteristics with reverse bias
In Sects. 4.1 and 4.2 above, it was shown that the remark-
able increase in photosensitivity when a forward current
was applied is due to optical amplification based on stim-
ulated emission. In this subsection, in order to verify this,
Fig. 4 Relationship between reverse-bias voltage and photosensitivity.
The wavelength of the incident light was 1.32 µm
we measured the photosensitivity when a reverse bias volt-
age Vr was applied, while keeping the incident light power
fixed. The photoelectric conversion in this case is based on
the two-step excitation described by processes (1) and (2)
in Sect. 2. For these measurements, we set the stabilized
power supply to a constant-voltage mode and measured the
voltage variation across both ends of a 1 k load resis-
tor. The red circles in Fig. 4 are the measurement results
of the relationship between the reverse bias voltage and the
photosensitivity. The maximum photosensitivity was about
3×10−4 A/W, which is about 1/300 of the value (0.10 A/W)
indicated by the blue triangles in Fig. 1 (a forward current
density of 9 A/cm2). When Vr = 0, the photosensitivity was
too low to be measured. When the reverse bias voltage was
low, for example, Vr = −1 V, the photosensitivity was about
2.5×10−5 A/W, and therefore, the value of 0.10 A/W above
shows that the photosensitivity at Vr = 0 was amplified by a
factor of at least 4000.
This figure shows that the photosensitivity increases
as the reverse bias voltage increased, and then saturated.
Electron–hole pairs created by light absorption are extracted
from the depletion layer, generating photocurrent, and the
photocurrent is proportional to the width w of the depletion
layer; therefore, we used the expression w = A√−Vr [24]
representing the relationship between the width w and the
reverse bias voltage Vr , and the curve in this figure shows
the calculation results fitted to the measured values. Be-
cause the photosensitivity saturates as the reverse bias volt-
age increases, no electron avalanche effect [25] occurs. This
means that there is no contribution from an avalanche ef-
fect in the remarkable increase in photosensitivity observed
when a forward current was applied (see Sects. 4.1 and 4.2).
Therefore, it was confirmed that this remarkable increase in
photosensitivity was due to optical amplification based on
stimulated emission.
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5 Conclusion
We fabricated a new photodetector by subjecting a Si crys-
tal having p–n homojunction to a phonon-assisted anneal-
ing process. For incident light with a wavelength of 1.16 µm
and higher, this device showed a photosensitivity about three
times higher than a Si-PIN photodiode used as a reference.
The photosensitivity for 1.32 µm-wavelength incident light
was increased by applying a forward current, and we ob-
tained a photosensitivity of 0.10 A/W for a forward current
density of 9 A/cm2. This value is at least 4000 times greater
than the zero-bias photosensitivity, and the remarkable in-
crease was due to the manifestation of optical amplification
caused by the forward current injection. For a forward cur-
rent density of 9 A/cm2, the small-signal gain coefficient
for optical amplification was 2.2 × 10−2, and the saturation
power was 7.1 × 102 mW. There was no contribution from
an electron avalanche effect in this behavior. In a future pa-
per, we plan to report details of other characteristics, such as
the photosensitivity for incident light in the infrared region
at wavelengths other than 1.32 µm, the signal-to-noise ratio,
and the frequency response band.
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